Introduction
Among boreal-forest passerine birds, the Treecreeper Certhia familiaris exhibits the most extreme specialization in foraging locomotion mode. Its behavioural and morphological adaptations to trunk-climbing represent a remarkable evolutionary convergence with woodpeckers Picidae, whereas its mode of food extraction differs from those of most woodpeckers, in that its bill is not adapted for pecking. The Treecreeper, like woodpeckers, use the tail for support during climbing, a habit associated with structural adaptations different from those involved in trunk-climbing without tail-support, as practised by nuthatches Sitta spp., Darwin's Woodpecker Finch (the Galapagos Tool-using Finch) Camarhynchus pallidus, and others.
Structural adaptations for trunk-climbing in birds have been treated by Scharnke (1930) , Richardson (1942) , Bock and Miller (1959) , Spring (1965) , and Riger (1972). The mechanics of trunk-climbing with tail tail support, and structural adaptations to this climbing mode have been treated by Winkler and Bock (1967) , U. M. , and R. A. Norberg (1981 Norberg ( , 1983 . I also compared the energetics of various locomotion modes of forest birds, including vertical trunk-climbing.
Owing to the Treecreeper's habit of climbing upwards while searching for food in trees, and then flying downwards to the next tree, its flight between trees becomes very cheap in energy. Most of the work done against the force of gravity during the ascending climb can be recovered during the descending flights as gravitational potential energy is used for horizontal progression between trees. This enables the bird to use glidng or partially powered flight, which is energetically much cheaper than horizontal, fully-powered, flight (R. A. Norberg 1981 Norberg , 1983 forest, most work is instead done during the ascending climb in trees. And since a Treecreeper may easily climb vertically upwards several kilometers in the course of a day's foraging, there must have been strong selection for an efficient climbing gait and for structural adaptations to it.
I therefore address some questions relating to the mechanics and energetics of tail-supported climbing, as observed in Certhia familiaris: (1) How does the bird move to prevent falling away from the trunk when both feet leave it simultaneously at the end of the power stroke? (2) What are the magnitude and direction of the forces between bird and bark during stationary clinging to vertical as well as sloping trunks, and during acceleration at the start of a hop? (3) What is the energy cost of climbing and how is it divided between various components of movement? (4) What is the efficiency of this climbing gait, i.e. what is the ratio between useful work and total work done in vertical climbing? (5) How do the claws hold their grip to the bark? (6) What factors determine optimal tail length and distance of the bird's centre of mass from tree trunk in tail-supported treeclimbers? (7) How does tail length in Treecreeper compare with those in woodpeckers?
Material and methods
The following mechanical and energetic analyses are based on cine films and photographs of Certhia familiaris climbing on vertical trunks of spruce Picea abies and pine Pinus sylvestris. All recorded climbing occurred on the lower parts of old tree trunks, where the bark was rough and with good attachment for the Treecreeper.
I filmed and photographed Treecreepers in the wild near active nests in coniferous forest. Motion films were taken 50 km ENE of Goteborg (Stockasen) in SW Sweden in June 1974 and still photographs from a blind at a nest 40 km E of Goteborg (Almas) in June 1975. I used a 16 mm Path6 Reflex cine-camera, run at 80 frames s-l, and equipped with a 135 mm lens, and a 35 mm Leica camera with Telyt-R 1:6.8, 400 mm, a 25 mm extension ring, and 1 ms electronic flash lighting. The use of colour film (Kodachrome) greatly facilitated tracing from the motion films since the brown bird and green background contrasted much better than different shades of grey would have done on a black-and-white film. The still photographs permitted detailed examination of claw attachment to the bark.
One stride, during which the Treecreeper passed a small twig on the trunk, serving as a convenient positional reference, was selected from the motion film for detailed analysis. The film was projected onto horizontal paper by means of a surface-laminated mirror set at 45?, and the Treecreeper was traced on the paper frame by frame. A slight unsharpness of the head identified the first frame at the onset of a hop. At 80 frames s-' the time-resolution of the analysis is 0.0125 s.
The tracings of this particular stride (Fig. 1) was used in all mechanical and energetic analyses. I located the centre of mass of the Treecreeper by eye on the tracings from the film (Figs 3-5) . The length scale in the figures was calibrated using length from bill tip to tail tip as measured on a dead Treecreeper (120 mm; Appendix 1). I measured it in a straightened posture, but not maximally stretched, made to resemble the attitude taken near the end of the power stroke, as traced in Fig. 1 :5.
I did not catch the particular Treecreeper that I filmed and on which I based the kinematic description. Instead I use masses and measurements from other birds as set out in text and tables. I dissected one Treecreeper and weighed the body, head, and the upper, middle, and lower leg, and the foot separately. Using the percentage weights of the various parts I then estimated the weights of these elements of an average-sized 9.1 g bird for use in calculations (Tab. 1 and Appendix 1). Therefore the mechanical and energetic analyses presented may not be strictly accurate for the particular bird and stride shown in Fig. 1 . But I regard the results as representative for Certhia familiaris in general.
Equations used appear in the illustrations. Further procedures and methods are explained where used. The S. I. system of units is used throughout, except where otherwise stated. To facilitate evaluation I also express accelerations in terms of g (acceleration due to gravity), forces in terms of weight Mg of the bird, and powers in terms of BMP (bird's basal metabolic power, or rate).
Climbing movement pattern, or gait
One complete movement cycle, or stride, is shown in Figs 1 and 2. Stride length is the distance travelled in a complete cycle of leg movements. This one is 66 mm long, takes 0.1375 s, and consists of two distinct phases, the power stroke (or propulsive or effective stroke) and the floating phase (or recovery stroke), each about 0.0625 s in duration.
Power stroke
The power stroke is the part of the stride during which the Treecreeper moves actively with claws still attached to the bark. At start of the power stroke the Treecreeper moves obliquely upwards and towards the trunk, and after 0.0500 s the center of mass C.M. has reached its closest position to the trunk. The movement towards the trunk is not achieved by the bird simply pivoting about the tail tip, where it contacts the bark, as might be expected. Instead the bird slips closer to the trunk by rotating the body about the hip joint and at the same time possibly pulling the hip slightly stowards the trunk by the legs. The distance s moved by the C.M. towards the trunk during the power stroke is estimated to be only about 6 mm, whereas the head (eye) moves 12 mm (Figs 1, 2, 4 In the beginning of the power stroke the eye moves along a path inclines about 44? to the horizontal (Fig. 2) , whereas the C.M.-path is inclined about 60.4? (angle 3 in Fig. 4 ; estimated in section 5). The difference stems from the forward rotation of the whole body about the hip joint. The head is stretched forwards during the acceleration phase. As a result, the bill-tip to tail-tip distance increases by 9% in the first 0.0375 s, and by 11% in the first 0.0500 s, after which there is no further elongation of the body (Figs 1, 2 and 4) . The orientation of the head with respect to the vertical trunk remains almost constant throughout the stride. Head orientation, measured as angle between trunk and a line through the middle of the eye and the bill tip, increases from 13? in the resting position, just before the stride, to 16? after At rest before the power stroke the body is inclined about 30? to the vertical, measured as angle of contour lines of belly and back, but neglecting head and tail orientations since they change with respect to the body during the stride. In the first 0.0500 s, while the C.M. moves to its closest position to the trunk, the body rotates through about 30?, attaining a vertical attitude, parallel with the trunk (Fig. 1:4) . Throughout 0.0375 s of the 0.0500 s that this body rotation takes, the tail remains inclined about 25? to the trunk, just as at rest before the stride. This means that the tail becomes angled about 30? ventrally with respect to the body. As a result of this ventral tail flexion, the under tail-coverts become compressed, which is why the tail-base is so thin in side view in Fig. 1:3 .
After 0.0375 s the tail is lifted off the bark and flicked back so that it is aligned with the body after 0.0750 s, regaining the orientation relative to the body that it had at rest before the stride. The tail then maintains this orientation throughout the remainder of the stride (Fig. 1) . The tarsometatarsus rotates through 95?, from an angle of 20? with the trunk at rest, to 115? at the end of the power stroke after 0.0625 s, and then back again (Figs 1 and 2: middle and right).
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Owing to the movements of head and legs relative to the body, the C.M. is hard to locate in the tracings of the various stride phases (Figs 1 and 2) . Therefore, the distance moved by the C.M. during the power stroke and the floating phase cannot be estimated accurately. But the C.M. seems to move roughly half the stride length in each phase. This estimate is used in section 5 for calculation of accelerations and velocities.
Floating phase
The floating phase is the part of the stride during which the feet are off the stem and the bird continues moving upwards, consuming the translational kinetic energy gained during the power stroke, converting it into potential energy. Like the power stroke, the floating phase takes 0.0625 s, from about 0.0625 s to 0.1250 s after start of stride.
Throughout the floating phase the whole body rotates backward, but when the Treecreeper catches hold of the stem with its feet again at the end of the floating phase, there still remains a little backward rotation before the body is back at the 30? angle relative to the trunk, taken at rest before and after the stride. The tail tip contacts the bark slightly before the feet do (after about 0.1125 and 0.1250 s, respectively; Fig. 1 ). This is at the very end of the floating phase, when the upward movement has essentially ceased. During the floating phase the legs also swing forwards, legs and feet being tucked up and feet moved very close to the body and about 5 mm off the trunk (Figs 1 and 2) . The feet move 66 mm during the floating phase, which of course equals the stride length (by definition).
During the stride the head (eye) moves along a strongly curved path, reflecting the lowering of the head towards the trunk due to the forward pitching of the body about the hip joint. But the breast and belly of the Treecreeper move along a remarkably straight path parallel with the stem (Figs 1 and 2 ). In the beginning and end of the stride the belly is closest to the trunk, whereas the breast is closest during the floating phase when the body is oriented parallel with the trunk. So even though the C.M. moves towards the trunk during the power stroke, the ventral contour-line (of belly and breast) nearest to the trunk always remains 5-6 mm off the bark, throughout the entire stride (Fig. 2, left) . This again demonstrates that the Treecreeper C.M. moves towards the trunk as a result primarily of a forward pitching rotation of the body about the hip joint (and, possibly, to a small extent also of the bird pulling its hip towards the trunk).
The claws have contacted the bark after 0.1250 s, and by the next frame, at 0.1375 s, the bird has come to rest in a clinging position, the head having moved slightly backwards as compared with the previous frame (Figs. 1:10 and 1:11). Always when the claws are in contact with the bark, at rest before and after a stride, as well as throughout the entire power stroke, the remainder of the foot is well off the trunk, neither toes nor sole of the foot being in contact with the bark. The center of the foot is always 2-4 mm off the bark (Fig. 1) .
Mechanics of bird at rest, clinging to trunk
The mechanical analyses in Figs 3A and 3B follow Winkler and Bock (1976: Fig. 3 ), and were adopted also by U. M.  Fig. 9 ). Half the weight Mg is arbitrarily taken to be supported by the feet, the other half by the tail. The actual distribution of weight support between feet and tail in any specific situation varies with the friction between tail and bark. The significant difference between supporting weight with the feet and with the tail is that the tail may take up the load passivily if the force is aligned more or less along the tail, because then it is a compressive load, whereas any weight carried by the feet must be opposed by an equally large, vertical force exerted by the legs, and this consumes metabolic energy. Therefore, for a tail-supported climber at rest, clinging to a trunk, it should be most economical if tail-bark friction were so large that the entire weight could be supported by the tail. But the horizontal force component Ff, remains, so the feet must always exert an equal but opposing horizontal force. Tail-bark friction is governed by bark and tail structure and by the force pressing tail and bark together. As shown in Fig. 3A , the force Ff on the claws, normal to the trunk, decreases with increasing length of the base-line 1 between feet and tail-tip and also decreases with decreasing distance of bird C.M. from trunk (Winkler and Bock 1976) . But the force F,n on the tail pip, normal to the trunk, equals Ff, so its reduction may reduce tail-bark friction, leaving more weight to be supported by the feet (all depending on the coefficient of static friction between tail and bark). This is discussed further in section 8.3. and Fig. 7 . Fig. 3B shows the mechanics of a bird at rest, clinging to a trunk without tail support and with both feet on the same vertical level. Outline of bird is from the end of the power stroke, just before the feet leave the trunk ( Fig. 1:5) . Since the mechanics is for a bird at rest, it is probably not applicable to the Treecreeper at the end of the power stroke; judging by the backward rotation of the Treecreeper in the subsequent floating phase ( 
Inertial torque of body and head
Except for accelerating its C.M. in the beginning of the power stroke, the Treecreeper also pitches its body and head, which necessitates an extra force to be exerted by the feet, over and above that required for bringing about the linear accelerations. I will estimate the size of the imaginary, inertial torque relative to the bird's C.M. caused by angular acceleration of body and head.
I treat the bird's body as a homogeneous ellipsoid. Based on measurements of the body of a dead Treecreeper, and restricted by the requirement that the ellipsoid mass must equal that of the bird's body and also assuming bird density is 1000 kg m-3, I set the ellipsoid By equalizing the horizontal forces (third equation in Fig. 4) , the horizontal force F,an between tail and trunk is estimated to 0.075 N (= 0.84 Mg), which is considerably smaller than the horizontal force Ffan (= 1.77 Mg) at the feet. This contrasts with a bird at rest, clinging to a trunk, for which these forces are equal (Fig. 3A) .
Since To convert mechanical work and power into metabolic equivalents, the former have to be divided by a coefficient ri, the mechanical efficiency of muscular work, which is the proportion of the metabolic energy consumed that is converted into mechanical work by the muscles. Muscles that are active, generate force, and consume metabolic energy may operate in any of three modes; (1) they shorten and perform mechanical work (positive work done by the muscles), (2) their length is unchanged as they exert force and stabilize joints (zero work), and (3) they are stretched, forcibly extended, while exerting tension, thus dissipating mechanical energy (negative work done on active muscles).
The mechanical efficiency of muscular work is sometimes remarkably similar for different kinds of muscular activity in different animals. In human locomotion it is about 0.25 for positive work and -1.2 for negative work (Margaria 1968 Based on the previous kinematic description I estimate the mechanical energy cost separately for each of the various components of motion in a stride. I also convert the mechanical work into equivalent metabolic energy costs, using the efficiency coefficients for positive and negative muscular work. 
Translational kinetic energy of legs
If the maximum upward speed that the legs attain were just enough to lift them the remaining part of the stride, i.e. from the height where they are no longer accelerated (the maximum speed point) to their destination height on the trunk, then their maximum kinetic energy would all be converted into potential energy. The work associated with the vertical translational movement of the legs then would not need to be considered separately, because it has already been included in the work done moving the entire bird the whole stride length against the force of gravity. But during the power stroke the feet do not move at all and the leg segments move less than the body, so during the floating phase they obviously have to move faster than the body to reach the destination height at the same time. Consequently, they are given more kinetic energy than required to lift them to their new position, and this excess will be calculated, since it adds to the energy costs considered so far.
The to the trunk) of the middle and lower leg and the foot of the two legs is 0.000 516 J when 0.0750 s has elapsed (Tab. 1). From then on it takes 0.000 198 J to lift these leg elements the distances remaining to their destination heights at the end of the stride. This energy component is supplied by conversion of some of the kinetic energy of the legs, but it has already been included in the estimate of the work done lifting the entire bird the entire stride length, and so most be ignored here, leaving 0.000 318 J of excess kinetic energy (Tab. 1). This is supplied by positive muscular work during acceleration, and removed by negative work during deceleration for setting down onto the trunk. The associated metabolic energy costs thus are 0.001 272 and 0.000 265 J, together 0.001 537 J. It is possible that interconversion occurs so that some of this energy is transferred to the body and used for vertical progression, but I treat it as wasted energy here because when the legs decelerate at the end of the floating phase, their angular momentum is likely to be transferred mainly into a backward rotation of the body. These energy components are therefore added to the previous costs. The return rotation is initiated at the very end of the power stroke while the feet still attach to the trunk. It is caused by a reaction torque on the body set up by muscles swinging the legs backwards, and also by the moment set up about the hind-claws by the inertia force through the bird C.M., due to acceleration. These torques are not balanced by the tail, which is off the trunk at this stage, and obviously not by the feet either (Fig.  3B) . The backward rotation then continues throughout the floating phase, is unaffected by external forces, and therefore proceeds with constant angular velocity. (This is for the bird as a whole; acceleration and deceleration of the legs give slight reaction rotations of the body, but the net effect of these successive, opposite reaction rotations should be zero at the end of the floating phase.) Between 0.0625 and 0.1125 s after start of stride, the body thus performs an unaccelerated rotation backwards through 17?, corresponding to an average angular velocity of 340? s-' or 6 rads s-'. The kinetic energy of rotation is 0.000 019 J. It is supplied by positive muscular work at the very end of the power stroke and removed by negative muscular work after the claws have attached to the trunk after the floating phase. The meta-Tab. 2. Energy costs of various components of movement during the stride shown in Fig. 1 . The mechanical work has been converted into metabolic energy costs with the aid of coefficients for mechanical efficiencies of positive and negative muscular work as required and as explained in the text. The numbers of digits given here and in the text are in no way justified by the accuracy with which they were estimated, but are given only to facilitate comparison of the minor energy costs with the important ones. movement of legs .......................... 
Rotational kinetic energy of legs

Movement
Efficiency of climbing
The energy cost of the movement component parallel with the trunk may be regarded as useful energy, because this movement is the objective of the locomotor activity. Climbing is normally used for foraging, and each stride enables the bird to search a previously unexploited area of bark surface for food. A climbing efficiency may therefore be defined as the ratio between useful and total metabolic energy cost of a stride, here amounting to 84% (Tab. 2).
Climbing power
Power is work done per unit time. I will estimate climbing power as averaged over a single stride and also over a climbing sequence. The power estimates are not very informative in themselves, so I compare them with the Treecreeer's basal metabolic power, BMP, estimated with a power function fitted to empirical data for passeriform birds (Calder 1974 (Fig. 4) . But an additional torque might also be applied by the feet, even though this would be disadvantageous since it requires a much larger horizontal force Ffa, on the fore-claws. Owing to rotational inertia, the body continues rotating slightly after the tail is lifted off the stem after 0.0375 s (Fig.  1:3-4) . From 0.0500 s through 0.1250 s there is a return rotation, back to the inter-stride body orientation.
It might be thought that the body rotates forward during the power stroke in order for the resulting angular momentum to prevent the bird from rotating backwards away from the trunk in the absence of the horizontal force Ff, on the feet while they are off the bark in the ensuing floating phase (Figs 1 and 3) . But in the floating phase, with tail off the trunk, there is no horizontal force to be opposed, only the vertical gravitational force Mg. Any horizontal movement or rotation of the whole bird in the floating phase must be initiated while the claws still attach to the bark. So it would actually be possible for the Treecreeper to hitch upwards without any pitching body rotation.
Instead I will now examine some real effects of the pitching body rotations, deleterious as well as beneficial. Throughout the power stroke there is a backward pitching torque about the hip joint, acting on the body as a reaction to the muscle torque swinging the legs backwards relative to the body while the feet remain attached to the trunk (Fig. 3B) . If the body did not pitch forward at start of the power stroke, but maintained its resting inclination away from the trunk, then this backward torque on the body would have to be constantly balanced by an opposing torque provided by the tail, braced against the trunk, throughout the power stroke.
The forward pitching rotation at the start of the stride thus provides a forward angular momentum, later to be cancelled by the unbalanced backward torque on the body at the end of the power stroke (about the hip joint, from muscles swinging the legs backwards), also starting the return body rotation that continues in the floating phase. Because leg mass is small relative to that of the body, and since the legs move very close to the body, the reaction torques from angular acceleration of the legs are very small and have little effect on body pitching.
The forward body pitching reduces the muscular force that has to be applied to the legs during the power stroke. Because the C.M. moves towards the trunk, the resultant force Ffa at the feet becomes inclined so that its line of action passes much closer to the hip joint than if there had been no body pitching (Fig. 4) . This shortening of the external force lever arm about the hip joint allows a corresponding reduction of the muscular force exerted in the beginning of the power stroke (with the same stride length).
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Another favourable consequence of the forward body rotation in the power stroke is that the tail need only drag along the trunk for a very short distance before it can be lifted off the bark (Figs 1 and 5) . This should radically reduce tail wear as well as the work the bird has to do against tail-bark frictional drag, because without body pitching the tail would drag along the trunk throughout the entire power stroke.
When the claws contact the bark again after the floating phase, they are likely to push slightly against the bark before attaching to it. But owing to the forward body rotation in the power stroke, the bird C.M. is closer to the bark than in the resting posture, even at this late stage. This allows a margin for the body to be pushed away a little from the trunk by the claws before they catch hold of bark irregularities.
A reason why the bird moves its C.M. closer to the trunk by rotating the body about the hip joint rather than pivoting the whole body about the tail tip is that the bird could not move closer to the trunk since it must leave space for the feet to move to their new position during the floating phase.
To summarize, body pitching reduces muscle forces and torques, and so facilitates climbing. Tail wear, and work done against tail-bark friction, are radically reduced by body pitching. But body pitching also adds the extra work required to move the C.M. towards the trunk against force Ff and to rotate the body and head (Fig. 5 and Tab. 2). It is not possible to assess quantitatively the net result of these diverse effects of body pitching.
Structural adaptations to tail-supported climbing
Claws
When clinging to a trunk, the Treecreeper probably does not grasp the bark with its feet, as the long hindclaw seems to be merely propped against it (Figs 1 and  6) . Because of the weak foot, and the toe and claw disposition during clinging, the claws cannot penetrate into the bark. Instead, the fore-claws simply hook on to bark irregularities, as evidenced by still photographs (Fig. 6) . Therefore it is essential that the fore-claws be strongly curved (U. M. Norberg 1979, p. 161); claw curvature and orientation need be such that the extreme claw tip forms an angle < 90? with the resultant force between claw and bark (Figs 3, 4, 5, and 7) .
The Treecreeper also has extremely curved claws, much more so than the non-climbing Regulus regulus and three Parus species which belong to the same foraging guild as Certhia (U. M. Norberg 1979, pp. 139 and 145). The fore-claws are also needle-sharp, facilitating attachment to tiny bark irregularities.
The hind-claw is extremely long in Certhia (U. M. Norberg 1979: Tab. 1). An effect of this is to lengthen the span between the support points of the foot, reducing the forces between foot and trunk when the tail is not used for support (Fig. 3B) 
Toes
The three front toes are of unequal length, the middle toe being longest, the lateral next, and the medial one shortest. The gradient is even, the lateral claw attaching to the bark 3 mm, the medial 6 mm, behind the middle claw (Fig. 6) . The three front toes are held very closely together. Their graded lengths should reduce distance slipped before at least one claw hooks on to some bark irregularity at the end of a stride. This difference in tail length is probably related to differences in foraging behaviour. In contrast to woodpeckers, Certhia mostly gleans prey and very seldom uses pecking, its thin curved beak not being adapted for it. A long tail in Certhia therefore is no disadvantage in this respect (Fig. 7, point 1) . Even though woodpeckers forage almost exclusively on tree-trunks, like Certhia, they do not climb by far as much as Certhia, which is almost constantly climbing upwards while foraging. And it is only during climbing that work is done against the forces between feet and trunk. It takes far less metabolic energy simply to maintain the static force required to cling at rest to a trunk (zero work; Fig. 7, point 2) than to move against it (by positive muscular work). The work done normal to the trunk during climbing is inversely related to tail length, so the difference in climbing activity is probably the main reason for the different tail lengths in woodpeckers and Certhia (Figs 3, 5, and 7, point 3). An additional aspect is that in contrast to woodpeckers, Certhia has weak feet, and so is more favoured than woodpeckers by a long tail that reduces the forces between feet and trunk (Fig. 7, point  4) .
Optimal ratio between
It should also be noted that the distance of the C.M. from the trunk depends largely on the degree to which the legs are flexed, so the dll ratio can be adjusted behaviourally. Certhia has shorter legs (both absolute and relative length) than three Parus species and Regulus regulus in the same foraging guild (U. Tail: SW Sweden, 63 (5).
